In Escherichia coli, a two-component signal transduction system, consisting of the transmembrane sensor protein ArcB and its cognate cytoplasmic regulatory protein ArcA, controls the expression of genes encoding enzymes involved in aerobic respiration. ArcB belongs to a subclass of sensors that have not only a conserved histidine-containing transmitter domain but also a conserved aspartate-containing receiver domain of the regulator family. ' In Escherichia coli, products of the arcA (min 0) and arcB (min 69.5) genes pleiotropically control the expression of numerous target operons, exerting both positive and negative effects. For instance, expression of the structural genes encoding several dehydrogenases of the flavoprotein class; the cytochrome o complex; and members of the tricarboxylic acid cycle, the glyoxylate shunt, and the pathways for fatty acid degradation are anaerobically repressed (15, 17) . In contrast, expression of the cydAB operon encoding the 02-scavenging cytochrome d is activated under anoxic conditions (6, 16). As a network, these enzymes are responsible for the efficient generation of metabolic energy by aerobic respiration. ArcA (or SfrA, for sex factor regulation) is also required for expression of the tra (DNA transfer) genes of the F plasmid. In this function, CpxA, instead of ArcB, might act in conjunction with ArcA (18, 30, 32, 33, 38 (4, 20) . In this study, we constructed plasmids for producing and purifying the two proteins 'ArcB (an ArcB lacking the two transmembrane portions in the N-terminal region) and ArcA for the purpose of testing (i) whether ArcB undergoes autophosphorylation at both His and Asp residues and (ii) whether an Asp residue of ArcA can receive a phosphoryl group from ArcB-P.
In Escherichia coli, products of the arcA (min 0) and arcB (min 69.5) genes pleiotropically control the expression of numerous target operons, exerting both positive and negative effects. For instance, expression of the structural genes encoding several dehydrogenases of the flavoprotein class; the cytochrome o complex; and members of the tricarboxylic acid cycle, the glyoxylate shunt, and the pathways for fatty acid degradation are anaerobically repressed (15, 17) . In contrast, expression of the cydAB operon encoding the 02-scavenging cytochrome d is activated under anoxic conditions (6, 16) . As a network, these enzymes are responsible for the efficient generation of metabolic energy by aerobic respiration. ArcA (or SfrA, for sex factor regulation) is also required for expression of the tra (DNA transfer) genes of the F plasmid. In this function, CpxA, instead of ArcB, might act in conjunction with ArcA (18, 30, 32, 33, 38) .
ArcA and ArcB belong to a family of homologous twocomponent regulatory systems in eubacteria. Typically, such a system comprises (i) a sensor protein with a conserved transmitter domain containing a His and (ii) a regulator protein with a receiver domain containing a cluster of Asp residues. In almost every case, the sensor is a transmembrane protein, whereas the regulator is a cytoplasmic protein (4, 20, 23, 29, 30, 35) . It has been shown for several systems that upon stimulation, the sensor undergoes autophosphorylation at a conserved His residue. The phosphoryl group is then transferred to a conserved Asp residue(s) of the cognate regulator, whereupon it becomes functionally active (1, 2, 5, 7, 11-13, 21, 22, 24, 26-28, 31, 35, 39) . However, phosphorylation of Arc components has not yet been demonstrated. The sensor ArcB, interestingly, possesses not only a transmitter domain in the N-terminal region (including a conserved His-292) but also a receiver domain in the C-terminal region (including conserved Asp-533 and Asp-576) ( Fig. 1 ) (20) . Such an elaborate sensor is not exceptional. Several other sensors are known to possess both a transmitter and a receiver domain (3, (34) (35) (36) . In the case of the sensor VirA of Agrobacterium tumefaciens, a His residue has been shown to undergo autophosphorylation (21) , and in the case of the sensor FrzE of Myxococcus xanthus, an Asp residue(s) has been shown to undergo autophosphorylation (26) . In contrast, ArcA is a typical regulator protein, with only the receiver domain containing conserved Asp residues at positions 11 and 54 as potential sites for transphosphorylation by phosphorylated ArcB (ArcB-P) (4, 20) . In this study, we constructed plasmids for producing and purifying the two proteins 'ArcB (an ArcB lacking the two transmembrane portions in the N-terminal region) and ArcA for the purpose of testing (i) whether ArcB undergoes autophosphorylation at both His and Asp residues and (ii) whether an Asp residue of ArcA can receive a phosphoryl group from ArcB-P.
MATERUILS AND METHODS
Bacteria, phages, and plasmids. All strains used (XL1-Blue [Stratagene], K38, and ECL594) were derivatives of E. coli K-12. P1 vir phage was used for transductions. To place arcBl in strain K38 with a plasmid (pGP1-2) encoding the T7 polymerase gene (37) , the mutant allele in strain ECL594 (15) was cotransduced with a closely linked TnlO (85%). Tetr transductants were selected on LB agar containing tetracycline and purified on the same type of agar. Coinheritance of arcBl was scored for sensitivity to the redox dye toluidine blue o (20) . Plasmid pT7-7 was provided by S. Tabor.
Growth conditions. For routine cultures, LB medium (1% tryptone, 0.5% yeast extract, 0.5% NaCl) was used. To select Tetr transductants, tetracycline was added at 10 ,ug/ml in LB agar. Ampicillin (100 ,ug/ml) and kanamycin (75 ,ug/ml) were added to LB medium to prevent loss of plasmid vectors bearing a drug resistance marker. To test for dye sensitivity, toluidine blue o was added at 0.2 mg/ml in tryptone agar (20) .
DNA manipulation and transformation. Plasmid DNA was prepared on a small scale by the boiling method (25) . Bacterial cells were transformed by the CaCl2 method (25 (21) . The purified protein was kept at -20°C until used.
Purification of ArcA. Strain K38/pGP1-2 was also used as the host strain to hyperproduce ArcA. The cells were transformed with plasmid pBA2 (Fig. 2) . The above-described procedure for preparing 'ArcB was followed through the step of 100,000 x g centrifugation. This time, the soluble fraction which contained almost all of the ArcA protein was recovered instead of the pellet and diluted sixfold with MOPS-EDTA buffer. Proteins in the solution were precipitated by ammonium sulfate at 60% saturation and 0°C. The precipitate was dissolved in 1 ml of MOPS-EDTA buffer and dialyzed overnight against 1 liter of the same buffer. The dialysate (about 2 ml) was applied to a column of DE52 anion exchanger (14-ml bed volume) equilibrated with MOPS-EDTA buffer. The proteins were eluted with 30 ml of MOPS-EDTA buffer containing 140 mM NaCl. The eluate was concentrated with Centriprep-30 (Amicon) to 0.4 ml and applied to an SDS-polyacrylamide (10% acrylamide) gel.
This was the most effective step in the purification procedure. The purified ArcA was recovered and renatured as described for 'ArcB. To remove some remaining contaminating proteins, the ArcA preparation was applied to a hydroxyapatite column (2-ml bed volume) equilibrated with 10 mM potassium phosphate buffer (pH 6.8). The proteins were serially eluted with 2 ml of potassium phosphate buffer in which the concentration of NaCl was increased by 10 mM at each step from 50 to 160 mM. Fractions of 110, 120, and 130 mM NaCl, containing most of the total ArcA, were combined. (Most of the other proteins were eluted in the fractions of 50 to 60 mM NaCl.) The combined ArcAcontaining fraction was concentrated with Centricon 10 (Amicon) and dissolved in 0.4 ml of the HEPES-KCl-DTT-20% glycerol buffer (pH 7.5). The purified ArcA was kept at -20°C until used.
Phosphorylation of proteins. Unless otherwise specified, protein phosphorylations were carried out at 25°C in 10-,u reaction mixtures containing 0.1 mM [,y-32P]ATP (500 cpm/ pmol), 33 mM HEPES (pH 7.5), 70 mM KCI, 10mM MgCl2, 2 mM DTT, and 0.1 mM EDTA. The reaction was initiated by addition of the radioactive substrate and stopped by addition of equal volume of twice-concentrated loading buffer (50 mM Tris-HCl [pH 6.8], 4% SDS, 10% glycerol, 5% 2-mercaptoethanol, 0.003% bromophenol blue) for electrophoresis. Terminated reaction mixtures were promptly heated for 3 min at 55°C (13) . In time course experiments carried out in larger reaction volumes, samples mixed with the loading buffer were kept on ice until the last portion was taken. The denatured 'ArcB and/or ArcA proteins were separated by SDS-PAGE (10% polyacrylamide gel, pH 8.8) in a MINI-2D gel apparatus (Bio-Rad). After completion of the electrophoresis, the gel was stained by Coomassie Blue R for 20 min, destained for 20 min twice, and dried to reveal the protein bands. Labeling of proteins in the gel was determined qualitatively by autoradiography with X-Omat AR diagnostic film (Kodak). A Phosphorimager (Molecular Dynamics) was used for quantitative determination of radioactivity, and the intensity was expressed in units of intensity per minute (exposure time varied from 15 to 40 h).
Stability of the phosphate links of 'ArcB and ArcA. To compare the chemical stability of the phosphate links to the proteins, we terminated the phosphorylation reaction by adding the loading buffer but omitting the 55°C heat treatment. The 'ArcB protein (30 pmol) was phosphorylated for 2.5 min in 30 ,ul of the reaction mixture. Samples of 10 ,ul (each originally containing 5 pmol of 'ArcB) were pipetted into microcentrifuge tubes containing 2 ,ul of 1 N HCl, 0.15 N HCI, water, or 3 N NaOH, giving a final pH of 0.9, 2.7, 7.2, or 12.5, respectively (5). The mixtures were then incubated for 60 min in a water bath at 43°C. Another sample, without pH adjustment, was kept on ice as a control. The samples were separated by SDS-PAGE and analyzed for radioactivity. The ArcA protein (31 pmol) was phosphorylated for 10 min with 14 pmol of 'ArcB in a 30-pl reaction mixture. Samples of 10 pl were treated as described above.
We explored the kinetics of decay of 'ArcB-P and ArcA-P at pH 12.5 by the following protocol. 'ArcB (30 pmol) was phosphorylated for 2.5 min in 30 pl of the reaction mixture, and the protein was denatured by addition of 30 pl of twice-concentrated loading buffer. Similarly, ArcA (31 pmol) was phosphorylated for 10 min by 14 pmol of 'ArcB in a 30-pl reaction mixture, and the proteins were denatured.
The two preparations were combined (120 p,l), prewarmed for 2 min at 43°C, and alkalinized to pH 12.5 by addition of 24 ,ul of 3 N NaOH. During this incubation, a 16-pl sample (originally containing 3.7 pmol of 'ArcB-32P and 2.6 pmol ArcA-32P) was withdrawn at each interval and introduced into a microcentrifuge tube containing 6.8 pl of 3 M MOPS to shift the pH back to 7.2. The samples were immediately frozen in an ethanol bath cooled with dry ice and kept at the low temperature until the last sample was taken. The proteins were separated by SDS-PAGE and analyzed for radioactivity.
RESULTS
Construction of plasmids pTB5 and pBA2 for the production of 'ArcB and ArcA. ArcB was found to be membrane associated (20) , and the deduced amino acid sequences indicated that there were only two transmembrane sequences near the N-terminal side. We therefore tried to simplify our task of protein purification by constructing a plasmid bearing an arcB gene truncated from the 5' end so that the 'ArcB product would lose the transmembrane sequences and yet retain both the transmitter and receiver domains. Previous studies on several sensors showed that when the proteins were shortened, the remaining portions containing the transmitter domain were still able to undergo autophosphorylation and to act as a kinase of the cognate regulator protein (1, 5, 13, 21, 24) . To construct a plasmid for the production of the 'ArcB protein, pBB22 (19) containing arcB was digested by PstI and HindIII, and the 3.9-kb fragments were ligated to the vector pT7-7 (37) to give pTB5 ( Fig. 2) . By this procedure, the PstI site (codon 129) in the arcB coding region deleted of the 5' segment encoding the two transmembrane portions was joined in frame downstream of the vector translation site (codon 14) controlled by the T7 promoter (Fig. 2) .
To construct a plasmid for the production of ArcA, pMW2
encoding arcA and phoM (17) was digested with KpnI and HindIII, and the 2.7-kb fragment containing arcA but not phoM was ligated to the vector pBluescript KS+ to give pBA2. By this procedure, arcA retaining its own promoter was placed downstream of the T7 promoter (Fig. 2) . Purified 'ArcB. Because 'ArcB no longer possessed the two putative transmembrane segments on the amino-terminal side, we expected the protein to be mostly in the cytoplasmic fraction. However, when the truncated protein was overproduced by the T7 polymerase system, about half of the total protein was associated with the membrane pellet. It is possible that the truncated protein tended to aggregate and was thus sedimented with the membrane fragments. In the case of truncated EnvZ, most of the protein was found in the membrane fraction, and it was shown that this was the result of aggregation and precipitation of the protein (13, 14) . When purified 'ArcB was analyzed by SDS-PAGE (10% acrylamide gel), a single protein with an estimated molecular mass of about 70 kDa (close to the theoretical value of 74.5 kDa) was found (Fig. 3) . Such a protein was not present in preparations from strain K38/pG1-2 with pBB22 bearing the intact arcB gene with a T7 promoter upstream or the host strain bearing the vector pT7-7 alone (data not shown).
Purified ArcA. When purified ArcA was fractionated in a 10% acrylamide gel, a single protein with an estimated molecular mass of 25 kDa (close to the theoretical value of 27.3 kDa) was found (Fig. 3) . A smaller amount of the protein was recovered from XL1-Blue cells bearing a plasmid with the arcA coding region (cloned by polymerase chain reaction from the chromosome) placed downstream of Autophosphorylation of 'ArcB. When purified 'ArcB was incubated with [-y-32P]ATP, the electrophoretically separated, denatured, renatured protein became heavily labeled (Fig. 4) (Fig. 5) .
Phosphorylation of ArcA. When purified ArcA was incubated with [_y-32P]ATP for 5 min, the protein was not labeled (Fig. 6) . However, the protein did become labeled when it was introduced into a reaction mixture containing 'ArcB preincubated for 2 min with [-y-32P]ATP. 'ArcB in this procedure was labeled to a lesser extent than that in the reaction mixture without addition of ArcA, which indicates that the radioactivity of ArcA was acquired at the expense of ArcB-32P. On the other hand, the radioactivity lost by 'ArcB-32P was apparently less than the radioactivity ac- The radioactivity acquired by 'ArcB was determined with a Phosphorimager (units given on the ordinate) and rendered visible by exposure to X-ray film for 17 h (inset). Lanes: 1, 'ArcB alone (9.8 pmol) was incubated for 7 min; 2, 'ArcB (9.8 pmol) was incubated for 2 min, ArcA (21 pmol) was then added, and the incubation was prolonged for 5 min; 3, ArcA alone (21 pmol) was incubated for 5 min. (A) Gel stained for protein; (B) 32p radioactivity associated with the proteins after exposure to X-ray film for 39 h.
quired by ArcA, indicating that further autophosphorylation of 'ArcB was occurring during the incubation.
To monitor the time course of ArcA phosphorylation,
[_y-32P]ATP was added to a reaction mixture containing ArcA and 'ArcB at a molar ratio of 20:1. ArcA was phosphorylated linearly for at least 10 min (Fig. 7) . The effect of 'ArcB concentration on the rate of ArcA phosphorylation was tested during a 10-min incubation period. ArcA was added at 21 pmol of ArcA, and 'ArcB was added from 0.15 to 9.8 pmol (Fig. 8) . The linear relationship between the amount of 'ArcB added to radioactivity acquired by purified ArcA indicated that only 'ArcB was limiting for the reaction. Stability of the phosphate links of 'ArcB and ArcA. To test whether both a His (presumably at position 292 in the conserved transmitter domain) and an Asp (presumably at position 533 or 576 in the conserved receiver domain) of 'ArcB are autophosphorylated and whether only an Asp (presumably at position 11 or 54 in the conserved receiver domain) of ArcA is phosphorylated, we took advantage of the known acidic lability and the alkaline stability of the phosphate link to His in contrast to the instability of the phosphate link to Asp under both conditions (5, 26) . When tested, 'ArcB-32P lost practically all of the label after incubation at pH 0.9 or pH 12.5 for 60 min but retained moderate amounts of the label at pH 2.7 or 7.2 (Fig. 9A) . A similar pattern of label retention was shown by ArcA-32P (Fig. 9C) . However, when examined by a Phosphorimager, the 'ArcB sample at pH 12.5 was found to retain 6% of the label.
To determine whether the low amount of label retained by 'ArcB at pH 12.5 was attributable to a relatively stable linkage, preparations of 'ArcB-32P and ArcA-32P denatured at neutral pH were mixed and exposed to high pH. Samples exposed for various times were analyzed for loss of label by each protein. The 'ArcB protein showed a biphasic rate of label loss, whereas the ArcA protein showed only a rapid rate of label loss (Fig. 10) . It therefore appears that 'ArcB-P comprised two kinds of phosphate link, whereas ArcA-P comprised only a single kind. A separate experiment carried out to determine the ratio of the stable phosphate to labile phosphate before and after incubation of 'ArcB-P for 60 min Physiological function of 'ArcB. Since arcB null mutants were sensitive to the redox dye toluidine blue o (15, 19), we tested whether this mutation can be complemented by the 'ArcB-producing plasmid pTB5. For this purpose, we constructed an arcBl mutant of strain K38/pGl-2. One mutant was transformed with pTB5, and the other was transformed with the vector pT7-7. The transformants were spread on tryptone agar containing toluidine blue o and incubated overnight at 37°C. Plasmid pTB5, but not the vector pT7-7, allowed growth of the arcBl mutant, although the colony size of the strain with pTB5 was smaller than that of the parental arcB+ strain bearing the vector pT7-7. The reason for the difference in colony size is not clear, although it is possible that growth retardation was caused by the overproduction of 'ArcB (Fig. 3) . In any case, it is clear that 'ArcB conferred at least partial dye resistance.
DISCUSSION
So far, five sensor proteins are known to possess both a transmitter and a receiver domain: ArcB, BvgS, FrzE, RcsC, and VirA (3, 20, 35, 36) . Autophosphorylation activity was reported for VirA and FrzE. When the phosphorylated VirA was analyzed, only histidyl phosphate was found in the alkaline hydrolysate. Under such an experimental condition, however, aspartyl phosphate would be too labile to be recovered (21) . On the other hand, when FrzE was analyzed, it was noted only that the phosphate link under both acidic and alkaline conditions was unstable. Phosphorylation of the conserved His residue was inferred from homology of the region to other sensor proteins (26) . Our study on stability of 'ArcB-P showed that the protein lost the phosphoryl group at two different rates, suggestive of histidyl and aspartyl phosphate links. We had previously found that replacement of the conserved His-292 by Gln or the conserved Asp-576 or Asp-533 by Ala prevented anaerobic repression of a target operon (19 We also demonstrated the phosphorylation of ArcA by 'ArcB-P. The instability of the phosphate link to ArcA under extreme conditions of pH was indicative of an aspartyl phosphate bond (probably at either the conserved Asp-11 or Asp-54). In this case, by deducing from CheY phosphorylation (31), Asp 54-is more likely to be phosphorylated. The proportionality between the rate of phosphorylation of purified ArcA (in excess) and the concentration of 'ArcB purified is consistent with a direct intermolecular phosphoryl group transfer.
The catalytic properties of 'ArcB support a proposed model for the ArcB signal transduction process with the phenotypic consequences of replacing the conserved His and Asp residues of ArcB (19) . Upon stimulation, the protein first undergoes autophosphorylation at His-292. This phosphoryl group is then transferred intramolecularly to a conserved Asp in the receiver domain. Following such a transfer, the liberated histidyl residue undergoes another round of autophosphorylation. We conjecture that the phosphorylation of ArcB at the conserved Asp changes the protein conformation so that His-P of ArcB can now phosphorylate ArcA (Fig. 11) . On the other hand, we previously observed that if ArcB was deprived of its receiver domain, the shortened protein could still transmit the signal, but the amplitude of target regulation between aerobic and anaerobic conditions was reduced from 26-to 2-fold (19) . Taken together, the data indicate that autophosphorylation and dephosphorylation of the Asp in ArcB has an amplifying effect on the phosphorylation range of ArcA. Details of this model will be tested by analyzing the phosphorylating properties of available mutant proteins.
